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Abstract
This paper presents a novel approach for deriving Retrofit Design Spectra (RDS) that are intended for use in preliminary development and assessment of seismic upgrading scenarios of existing structures. The new spectral representation relates the characteristics of the intervention method chosen as the core of the upgrading strategy, with the ductility and strength demand of the retrofitted structure. The methodology utilized for the derivation of the RDS is based on the Capacity Spectrum Method where the Capacity Curve is described by relationships for global and local intervention methods that are parameterized in terms of fundamental response quantities. The proposed spectra provide direct insight into the complex interrelation between the characteristics of the intervention method and the implications of the upgrading scenario on demand. Alternative retrofit solutions are thus assessed in an efficient way. A case-study is used to illustrate practical application of the new approach.
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1.	Introduction
The majority of existing structures throughout the world have been built according to older generations of design codes, when seismic detailing was not mandatory. The experience gained in the past two decades in seismic design and material technology provides an opportunity for a consistent development of retrofitting strategies for this, highly vulnerable, building stock. Alternative retrofit scenarios may apply depending on the performance objectives of the rehabilitation effort as well as on the available budget. Intervention methods at both local and global levels may be combined in order to satisfy the objective of the retrofit strategy selected. 
The first phase of the retrofit procedure involves assessment of the existing structure and identification of its deficiencies. Next, a retrofit scenario is selected where the performance objective is defined, thereby leading to design and detailing of the intervention method. The approach may be either force-based or displacement-based; in this regard, an efficient displacement-based retrofit design methodology of substandard reinforced concrete buildings has been developed by Thermou et al. [2006, 2007]. A key point of that methodology is elimination of damage localization through controlled modification of the lateral response shape of the building. To achieve a pre-selected target response shape that optimizes interstorey drift in all floors, a weighted distribution of stiffness increments along the building height is required. The final step in the retrofit process involves assessment of the retrofit solution. 
Several alternative retrofit strategies may be possible for any specific project; in a rational context, these need to be evaluated at the preliminary stage, in order to identify the most efficient solution, where efficiency may be quantified by some performance index. Therefore a relatively fast and straightforward retrofit assessment procedure is required, at least in the preliminary stage of redesign. The objective of this paper is to present a retrofit assessment procedure that relates the characteristics of the intervention method to the demand imposed by the earthquake ground motion. The procedure is also amenable for use in developing design scenarios. To this end, design charts that relate the characteristics of the intervention method to the spectral displacement demand of each retrofit scenario are provided. A new type of spectrum representation is developed where the demand (expressed either in terms of ductility or strength) is related to the key design parameters of the intervention method. 
The proposed procedure for constructing the new Retrofit Design Spectra (RDS) relies on the Capacity Spectrum Method [ATC 40, 1996], but other options, such as the Yield Point Spectrum [Aschheim and Black, 2000, Black and Aschheim 2000] may be equally used as an alternative. A key feature is that the capacity curve of the retrofitted structure is expressed parametrically in terms of the technological parameters of the intervention method, thereby eliminating the need for detailed modelling of the retrofitted structure each time a retrofit option is considered. In the present paper, a global intervention procedure (reinforced concrete jacketing) is used as a reference example in order to illustrate practical implementation of the proposed methods. Alternative upgrading approaches are also considered for illustration purposes (e.g. jacketing with glass or carbon FRPs). The RDS facilitate rapid assessment of the implications of each possible scenario which may combine to different extents global and local interventions, as they enable full control of the key design parameters through immediate illustration of their effect on demand measures, a feature that is particularly useful in the preliminary retrofit design phase. An illustrative case study is presented to highlight the efficiency and practical significance of the RDS.
2.	Conceptual framework of the new type of design and assessment spectra
A basic objective of a successful retrofit scenario is that it modifies the capacity curve of the structure so as to impart a sizable range of stable post-yielding response in the lateral load versus lateral displacement envelope. For the requirements of the present work and without loss of generality, the capacity curve of a retrofitted structure is approximated by a tri-linear envelope. The three distinct regions thus defined, are separated by milestone points that correspond to specific limit states. Limit states selected are, (i) global yield, (ii) attainment of peak base shear, and (iii) attainment of ultimate deformation capacity, respectively (Fig. 1(a)). In case that the retrofit strategy utilizes global intervention methods, (e.g. steel or RC jacketing of columns, addition of RC walls or use of infill walls), the strength, stiffness and ductility of the existing building are increased by ΔS, ΔK and Δμ (Fig. 1(a)). When only local intervention methods are applied such as FRP jacketing in columns, the deformation capacity of the retrofitted structure is modified by Δμ with a slight increase in strength (Fig. 1(b)). Other interventions (e.g. strengthening of individual members with steel plates) are also possible, whereby all response indices might be affected by the respective amounts, ΔS, ΔK and Δμ.  
       To achieve the objectives stated at the outset of this work, i.e. to be able to readily gauge the alteration in global measures S, K and μ caused by any intervention in the individual members of the structure, a number of tools are required as listed below; the forthcoming sections of the paper deal with detailed development and testing of these tools: 
(1) Parameterized expressions to relate the milestone points in the response curve of any individual member to the important design parameters of the intervention used. Such milestone points are, at the onset of yield and upon attainment of ultimate deformation capacity (nominally associated with a residual flexural strength equal to 80% of peak). Design parameters depend on the type of retrofit: in the case of reinforced concrete jacketing, strength, stiffness and ductility enhancement of the jacketed member depend on the longitudinal jacket reinforcement ratio, ρJ and the height increase ratio of the jacketed cross section, hJ. Similarly, the deformation capacity of FRP-jacketed members depends on the stiffness (modulus of FRP material and number of plies) and the deformation capacity of the wrap. 
(2) A local-to-global transformation to readily quantify the effect on global resistance indices, (i.e., on ΔS, ΔK and Δμ), resulting from modifications of the member resistance curves. This information is implicitly built in global structural properties such as the conventional force-based pushover curve; however, the process of construction of the pushover (which requires structural stiffness assembly and evaluation of the structural displacements and member deformations thereon after solution of the equilibrium equations for each level of applied lateral force), integrates the influences of the individual members in a way that the immediacy sought is no longer possible. This obstacle is eliminated if a displacement-based resistance curve is used as a basis for comparison of the various retrofit schemes. In the present work, the resistance curve used represents the base-shear top-displacement relationship for the structure, obtained when the structure is forced to lateral sway following a preselected pattern of displacement. Since the proposed retrofit method relies on a preselected target fundamental response shape, the displacement-based resistance curve is constructed by forcing the retrofitted structure to displace along the target shape. Note that although the result is not the same with the force-based pushover curve of the structure, it nevertheless provides a sound basis for comparison of the effects of the various retrofit options considered on structural performance.
(3) Also needed is an explicit estimate of the performance point of the retrofitted structure to a reference design seismic hazard. To enable immediate evaluation of demand resulting from variation in the values of the design parameters of the retrofit scheme, parameterized expressions are derived for the coordinates of the performance point.  The design earthquake spectrum prescribed by ATC 40 [1996] is used to quantify the seismic hazard; the displacement-based resistance curve is consistently linearized (Fig. 2), in order to enable explicit definition of the point of intersection between the capacity spectrum and the displacement-based resistance curve, using damping estimates consistent with the retrofit objectives. (Note that this step is a variant to that proposed in ATC 40 [996] whereby the performance point was found through iteration; here the performance point is evaluated explicitly through closed-form expressions that relate the characteristics of the intervention method to the imposed earthquake demand).       
Note that each performance or demand point corresponds to a different limit state, which in turn can be related to a specific performance objective (Fig. 2(a)).  Selection of the target ductility level of the retrofitted structure depends on experience from structural systems of the type considered, as to how much reliable ductility and deformation capacity may be depended upon after retrofit. Based on engineering judgement, a displacement ductility value () between 2 and 3 may be considered achievable for retrofitted reinforced concrete frame buildings. In the majority of the cases, it may be difficult to achieve ductility level of 3 or higher [Eurocode 8, 2005].
3.	Derivation of expressions for direct estimation of the seismic demand
3.1 Coordinates of the Performance Point

In order to refer to the spectral definition of the design seismic hazard, the Equivalent Single Degree of Freedom oscillator (ESDOF) that represents the retrofitted structure in spectral ordinates is considered.  The associated linearized (tri-linear) resistance curve of the ESDOF system is described in the total acceleration - relative displacement system of coordinates by the following set of equations (Fig. 2(b)): 

For ,                                                                                                (3.1a)

For ,                                                                       (3.1b)

For,                                                         (3.1c)

The milestone period values Ti where i=y, p, u, correspond to the response at yield, peak and ultimate, respectively and are defined by:

                                                                                                                          (3.2)

Figure 3(a) plots earthquake demand for 5% damped, linear elastic SDOF systems in Acceleration-Displacement Response-Spectrum (ADRS) format. Elastic spectra with higher damping ratios are used to approximate inelastic response in spectral format [ATC 40, 1996]; the higher damping ratio, βeq, is meant to account for the amount of hysteretic energy dissipation owing to the inelastic response excursion of the structure and the inherent viscous damping. Depending on the type of structure considered and the characteristics of the hysteretic model that describes the cyclic degradation response of the retrofitted structure, the equivalent damping βeq may be directly related to the displacement ductility demand, μ. (Buildings with identical geometry but different dissipation characteristics would generally have different βeq values – e.g., consider cases with different anchorage details in the beam-column joints).   
The reduced elastic response spectra that correspond to higher than 5% values of critical damping are obtained from the 5% damped elastic spectrum through pertinent spectral reduction factors, SRA and SRV which are expressed in terms of the equivalent viscous damping, βeq [ATC 40 1996, Newmark and Hall 1982]:  

;                                                        (3.3)

These are subject to limitations depending on the classification of anticipated structural behaviour [ATC 40, 1996]: For type A (good structural behaviour) SRA0.33 and SRV0.50. For type B (average structural behaviour) SRA0.44 and SRV0.56, whereas for type C (poor structural behaviour) SRA0.56 and SRV0.67.    
The 5% damped elastic spectrum used here for derivation of the RDS, defines spectral displacement from the structural period as follows (Fig. 3(a), ATC 40, 1996):	

,                                                                                       (3.4a)

,                                                                                              (3.4b)

In Eqs. (3.4a) and (3.4b), coefficient CA represents the effective peak ground acceleration, whereas the ratio CV​​ / T defines the acceleration response in the velocity domain.
The point of intersection of the supply and demand curves (Fig. 3(b)), referred to hereon as the performance point, with spectral abscissa and ordinate Sd,ppR, Sa,ppR respectively, is obtained from the following (after combination of Eqs. (3.2), (3.3) and (3.4)):   

,                                                                 (3.5a)

,                                                          (3.5b)

Equations (3.5a) and (3.5b) may be expanded further if the spectral ordinate of the performance point, Sa,ppR, is substituted according to Eq. (3.1). In case the performance point lies in the region between the yield and peak spectral displacement (SdyR and SdpR), then the following expressions apply:  

If :
                                                       (3.6a)

If :
                                         (3.6b)

Equations (3.6a) and (3.6b) relate directly the response characteristics of the retrofitted structure (SayR, SapR, SdyR, SdpR) with the spectral displacement at the performance (demand) point, Sd,ppR.   

3.2	Consistent estimation of the equivalent damping ratio 
3.2.1	Illustration of concepts using the simple elasto-plastic hysteretic model 
The equivalent damping ratio in the equations listed above, βeq, should be related to the characteristics of the retrofitted structure. To this end, a hysteretic model representative of the actual cyclic behaviour of the retrofitted structure should be used in order to obtain a consistent estimate of βeq. For demonstration of the methodology, a bilinear representation of the Displacement-based Resistance Curve of the retrofitted building (elasto-plastic system with hardening) is used in this section (Fig. 4 - the abscissa at ultimate (Sdu) coincides with that of the performance point (Sd,ppR)). The hysteretic damping expressed as a percentage of critical damping is defined as a function of the ductility demand μpp(=Sd,ppR/Sd,yR):

                                    (3.7)

This value overestimates damping in realistic cases of retrofitted structures where pinching in the hysteresis loops due to contribution of pullout rotations to the lateral drift is inevitable, even if all forms of shear-induced distortion are suppressed. To correct this source of error in the value of βeq, a reduction factor, κ, is applied on the hysteretic component of damping, o [ATC 40, 1996]:   

                                                                     (3.8)

Parameter κ is equal to 2/3 for βo<25%, whereas κ=0.85-0.45βo for βo>25%, for a building of type B (a class that represents the great majority of the existing building stock). For a type C building (poor structural behaviour), κ is equal to 1/3 regardless of the value of hysteretic damping.
3.2.2	Alternative definitions of hysteretic damping
Alternative hysteretic models may be utilized for the definition of the hysteretic damping, βo and its relationship to displacement ductility, . Numerous hysteretic models have been developed by many researchers to model the hysteretic behaviour of RC buildings; some of them are presented as examples cases in Appendix A. Note that the relationship between inelastic response spectra and equivalent linear elastic response spectra has been considered an unsettled issue in the Capacity Spectrum Method. Variants of the Capacity Spectrum Method, intended to overcome this point of contention which is related to the existence of a stable relationship between the hysteretic energy dissipation of the maximum excursion and equivalent viscous damping [Krawinkler, 1994], were suggested by e.g. Fajfar [1999], Chopra and Goel [1999], and ATC 55 [2005], whereby constant ductility spectra instead of damped elastic spectra are utilized for the definition of demand. Damping-ductility relationships that closely match the results of those obtained by ATC 55 [2005] have been proposed by Freeman [2006].  
3.3	Relating the coordinates of the performance point to the design parameters of the retrofit scenario
Estimation of the performance point refers to a definition of spectral demand. Equations (3.6a) and (3.6b) define performance according to the design spectrum of ATC 40 [1996]. Using the expressions derived for equivalent damping (e.g. the closed-form expressions derived by substitution of Eq. (3.8) in Eqs. (3.6a) and (3.6b)) enables estimation of the performance point (Sd,ppR, Sa,ppR) as a function of the response characteristics of the retrofitted structure (SayR, SapR, SdyR, SdpR). Therefore,
 For 
            (3.9a)
For   
         (3.9b)

In case that Ty≥Tc then Eq. (3.9b) applies. If Ty<Tc the period that corresponds to the performance point, Tpp, may be either greater or smaller than the corner period, Tc, and then both Eqs. (3.9) may apply. The correct solution will be provided by a check that will determine whether the extracted Tpp satisfies the hypothesis made by each equation (Eq. 3.9(a) requires that 0<Tpp≤Tc, whereas Eq. (3.9(b) requires that Tc<Tpp).
For each retrofit scenario, Eqs. (3.9a) and (3.9b) provide a direct estimation of the ductility demand, μpp, and hence of the abscissa of the performance point Sd,ppR (=μppSdyR). The terms in Eqs. (3.9a) and (3.9b) refer indirectly to the milestone points of the linearized, Displacement-based Resistance Curve of the structure, as depicted in Fig. 3(b), which in turn are related to the key design characteristics of the intervention method (ΔS, ΔK, Δμ, of Fig. 1). The conceptual methodology presented above is illustrated in Fig. 5. Note that using alternative expressions for the spectral demand will only modify the mathematical form of the equations without altering the overall proposed procedure. 
4.	Parameterized Resistance Curve of the retrofitted building
Key to the proposed methodology is the ability to define a meaningful measure of resistance of the retrofitted structure in terms of the technological details of the retrofit scenario, so that the parametric dependence of the strength, stiffness and ductility terms may be immediately assessed by inspection. What is readily available from the mechanics of reinforced concrete are explicit expressions that describe the resistance curve of the individual RC element, particularly after pertinent retrofit where flexural failure is generally designed to be the governing mode of behaviour. To transfer this information to the global scale on the resistance curve of the entire structure, it is necessary to perform a transformation from the level of the member to the structural entity. An important tool towards this objective is the assumed shape of lateral vibration of the structure during dynamic response, since the shape identifies the distribution of interstorey drift along the height of the structure. This, in conjunction with information about storey stiffness and strength may identify the occurrence of a milestone event (such as yielding of some elements). 
It is common practice at least in the phase of preliminary design to consider a single mode of response for typical frame buildings. For example, in ATC 40 [1996] the fundamental mode shape is utilized, thus, it is assumed that the elastic response shape remains the same in the post-elastic regime (up to the peak). The methodology proposed by the authors for seismic retrofit strategy development, builds on the premise that globally, the retrofit scheme will target a modified lateral response shape, so as to manage the distribution of damage (through control of interstorey drift, Thermou et al. 2006, 2007), whereas local deficiencies will be corrected through pertinent local interventions (e.g., epoxy-repair of anchorages, FRP-jacketing for confinement and shear resistance, etc.). In this paper, in order to construct the resistance curve of the retrofitted structure from the response curves of the individual components it is assumed that once the retrofit has been successfully implemented, a stable hysteretic response without damage localization would characterize the retrofitted structure.   
With reference to the target response shape, , a displacement-based approach to derive the resistance curve of the retrofitted building for the preliminary stage is used here as a simpler and more straightforward alternative to the more rigorous result of detailed inelastic simulation that is likely to be used in the design phase once the retrofit strategy has been determined. By forcing the structure to displace laterally following the target response shape, and controlling the magnitude of the displacement at the top of the structure, the deformed shape of the structure is established; this uniquely defines the distribution of interstorey drift, and therefore the internal forces, without the requirement of inverting the stiffness matrix of the structure. The basic necessary ingredient in evaluating the internal forces is the resistance curve of the individual storeys (i.e., shear versus interstorey displacement). Note that the response curve of a single storey is obtained by direct summation of the response curves of the individual vertical elements of the floor, as they are considered to function as a sequence of springs in parallel (Fig. 6(a)), whereas in turn, the response curves of the complete structure may be obtained from the response curves of the individual storeys, which are considered to function as a sequence of springs in series (Fig. 6(b)). 
The entire procedure is outlined by the following steps:  
Step 1: Given a displacement magnitude Δ at the top of the structure,
Step 2: Using the target response shape, , find the distribution of displacements height-wise at the floor levels:  Δj=ΔΦj
Step 3: Determine the corresponding interstorey drift, IDj=Δ(Φj-Φj-1)= ΔdΦj
Step 4: Distribute interstorey drift to beams and columns, b, c, by multiplying IDj with the ratios 1/1+λ and λ/1+λ, respectively, where λ the average storey column to beam flexural stiffness ratio; (λ=EIcLb/EIbhst, EIc the average retrofitted column sectional stiffness, EIb the average beam sectional stiffness, and hst and Lb the respective average storey height and average span length in the structure.)
Step 5: Compare the values of b, c with the corresponding values for beam or column yielding, and correct the value of  to be used in the next displacement increment (use a small non-zero hardening value for the flexural stiffness of members that have yielded first). Note that beyond yielding, the drift will tend to localize in the yielded member through the value of ; for example, after first yielding of beams in the j-th storey, the value of c, will only change imperceptibly for increasing values of IDj leading to practically constant shear force in the respective floor.
Step 6: The base shear magnitude, Vbase, associated with the chosen value of Δ may be estimated by two different approaches: Step 6(a): Calculate Vbase(a) from the response curve of the first floor, given the magnitude of c,1. Step 6(b):  Calculate Vbase(b) as the sum of the differences of shear forces of the individual floors associated with the c,i values (the floor shear forces are obtained from the corresponding response curves). 
Step 7:  Check the accuracy of the assumed shape (this information is valuable for post-yielding response):  Error % = (Vbase(a) – Vbase(b))/Vbase(a) (Thus, this difference quantifies the tolerance of the assumption made regarding the relevance of the target response shape in the post-yielding regime).  
This procedure may be repeated to cover the full range of displacement values Δ, from 0, to Δp. The Base shear – Top displacement curve thus obtained represents the response of the Multi-Degree of Freedom (MDOF) system. This is transformed into Spectral Acceleration – Spectral Displacement coordinates: the force axis is divided by L*2/M* (Sa=V/(L*2/M*) whereas the displacement axis by L*/M* (Sd=Δ/(L*/M*)); the reverse operation is required to convert spectral ordinates to base shear and top displacement values. 
(To further simplify the process, it may be assumed that diaphragms are rigid, at least for low levels of stiffness increase of the columns, whereby the entire amount of IDi may be attributed to the columns, i.e. c,i=IDi. The rigid-diaphragm assumption could, in cases of excessive stiffening of the columns through retrofit, lead to overestimation of storey strength and stiffness, as it neglects the contribution of beam action to drift.)  
5.	Proportioning of the retrofit solution
In the context of the proposed methodology, the Displacement-based Resistance Curve of the retrofitted structure is uniquely determined by the response curves of the individual floor elements particularly those undergoing retrofit. In this section, the milestone points of these individual member response curves, denoted by δy, δu, Fy, Fu, are related to the technological parameters of the intervention method under consideration, and closed form expressions are derived. This enables rapid inspection of the practical implications (in terms of member proportioning) of decisions for modification of members’ key design quantities, on the resulting structural drift. 
5.1	The case of jacketing with reinforced concrete
To illustrate the concepts presented in the preceding section, reinforced concrete jacketing is used as a model example of global intervention. The required deformation and strength indices of jacketed column cross sections are expressed here explicitly through the technological parameters of the intervention. For simplified calculations, all reinforcement is considered to act at the location of the added (jacket) reinforcement; existing tension longitudinal reinforcement (given by the ratio ρc) may either be neglected, or an equivalent amount may be transferred to the centroid of the extreme layers of jacket reinforcement using the parallel-axis theorem (Fig. 7(a)). (Any web longitudinal reinforcement is neglected as it is considered to have a small influence on post-jacketed flexural strength). The equivalent longitudinal reinforcement, ρe, is given by the following equation:  

                                                                                              (5.1)

In case that dJ/=0.1hJ, dc/=0.1hc, dJ=0.9hJ and dc=0.9hc, then ρe is simplified further to: ρe=ρJ+ρc​/AB3.                                                                                                                 
The lumped inelasticity cantilever (stick) model is adopted for the definition of the column member’s deformation capacity (Fig. 7(b)). Nominal yielding may be associated with either a strain fy/Es in tension reinforcement, or a concrete compressive strain equal to 1.8fc//Ec in the extreme fiber of the cross-section [fib Bulletin 24, 2003]. From these alternative definitions the relative displacement at member yielding is estimated as: 

                                                                        (5.2)  
               
Variable ξy is obtained through interpolation for the estimated (static) axial load ratio of the member (see Appendix B). From Eq. (5.2) it is evident that the displacement δy of any jacketed component depends on the height of the jacketed cross section, hJ=Bhc, and on ξy which is a function of both hJ and ρe.   
The displacement capacity at ultimate, δu, is determined as the sum of a plastic component, δpl, and the yield displacement, δy [Paulay and Priestley, 1992]. A simplified model proposed by Moehle [1992], ignores the elastic curvatures outside the plastic hinge zone so that the total curvature near the base is centered at the base of the member instead of just above the base (Fig. 7(b)): 

                                                                                                                        (5.3)

Note that Ls is the shear span of the member (taken here equal to the distance from the critical section at the face of the support to the midspan or half the storey height). The displacement capacity is given by: 

                                                                                            (5.4)

Expressions that relate the strength capacity at yield and ultimate, Fy and Fu, to the characteristics of the jacketed cross section, are presented in Appendix B.  
5.2	The case of FRP-jacketing
Another model example of column retrofit that has gained popularity in recent years is FRP jacketing. This method increases the ductility of the member through confinement, and also by suppressing all premature local failure modes but flexural. The deformation capacity at ultimate is given as a function of the ductility capacity, μ, by:

                                                                                                                               (5.5)

An empirical lower bound expression for dependable displacement ductility that links the ductility demand, μdem, to the transverse confining pressure, σlatconf, may be utilized [Tastani and Pantazopoulou, 2006]:  

                                            (5.6)

If the target displacement ductility demand is selected, then the required lateral confinement, σlatconf, may be calculated. In the case where only the contribution of FRP jacketing is taken into account, the volumetric ratio of the FRP reinforcement, ρ​fv, may be estimated. The number of the required FRP layers for the specific target ductility demand is given by: 

                                                                                                            (5.7)

The displacement capacity at yield, δy, may be calculated from Eq. (5.2) for B=1 and ρe=ρc. The relationships derived in the previous section for strength calculations for RC-jacketed members may also be used for FRP-jacketed members (see Appendix B) provided that B=1 and ρe=ρc (the inaccuracy of this approach amounts to neglecting the flexural strength enhancement of the concrete compressive strength owing to FRP confinement).  
6.	Retrofit design and assessment spectra
The performance point of each retrofit scenario may be defined directly by following the above-described procedure (summary of the procedure is illustrated in Fig. 5). The lateral-displacement resistance curve of the retrofitted structure is expressed parametrically and the corresponding performance point is defined by the solution of equations similar to Eqs. (3.9a) and (3.9b) (depending on the hysteretic model adopted). The definition of the performance point corresponds to the intersection point of the capacity curve with the appropriately damped demand spectrum (Fig. 8(a)) and represents the maximum structural displacement expected for the system under consideration, given the applied earthquake ground motion. Performance points corresponding to different retrofit scenarios may be utilized to construct the Retrofit Design Spectra (RDS) (Fig. 9(a)). This new type of spectrum links the characteristics of the intervention method to the spectral ordinates of the performance point, thereby providing the engineer with the necessary data for rapid assessment of the retrofit solution before reaching a final decision. 
The RDS may be derived for different levels of demand. Design charts may be constructed which relate the abscissa of the performance point (Sd,ppR) to the key design characteristics. Such are, the mean area increase of the retrofitted columns (owing to application of the jacket) normalized by the area of the existing columns, RAJ, and, the mean value of the total equivalent longitudinal reinforcement ratio of the jacketed members, ρtot, estimated in the first floor. Parameters RAJ and ρtot are defined by: 

                                                                                   (6.1a)
                                                                                                              (6.1b)
                                                 
where the subscript n refers to the n-th storey member considered as participating in the lateral load resisting system and nm the number of vertical components of the storey. 
When FRP jacketing is used, the objective of the intervention method necessarily is restricted to only increasing the deformation capacity of the member, whereas the impact on flexural strength is expected to be marginal (Fig. 8(b)). The mean value of the number of FRP plies of the first storey which comprises nm members can be considered as a representative index:

                                                                                                            (6.2)

The newly defined retrofit design spectra (RDS) are of the type shown in Fig. 9(a). These spectra have been derived for a 5-storey, 4-bay RC frame with identical vertical members in each floor (uniform distribution of stiffness along the height of the building), which is used as an illustrative example kept simple for clarity. The graph in Fig. 9(a) maintains the format of the ADRS spectrum where the performance points (Sd,pp, Sa,pp) are related with the characteristics of the intervention method (RAJ, ρtot). Each performance point corresponds to a different combination of (RAJ, ρtot). The second graph (Fig. 9(b)), is a design chart, relating the abscissae of the performance point with the area ratio increase of the vertical elements of the first floor with RC jacketing, RAJ. This second graph is used in order to illustrate the quantifiable interrelation of the retrofit design parameters and their impact on the performance point.             
7.	Illustrative example for the derivation of the Retrofit Design Spectra (RDS)
The methodology for the derivation of the retrofit design and assessment spectra is applied in the case of the large-scale ICONS frame, tested in 2004 at ELSA laboratory of the Joint Research Institute (JRC) in Ispra, Italy. The structure was a 4-storey, 3-bay gravity-only designed frame representative of the construction practice of Southern Europe in the 1950’s (Fig. 10). No specific provisions were considered for seismic detailing and inelastic dissipation mechanisms. All beams in the direction of loading were 250 mm wide by 500 mm deep, whereas transverse beams were 200 mm wide by 500 mm deep. The solid concrete slab thickness was 150 mm. Materials used in the design phase were a low strength concrete with nominal compressive strength of fc/=16 MPa and smooth longitudinal reinforcing steel of class Fe B22k, with nominal yield strength of fy=215 MPa. More information relative to reinforcement detailing and material properties is provided in Pinto et al. [2002]. 
The frame was subjected first to a pseudo-dynamic (PsD) test corresponding to an input ground motion with peak ground acceleration 0.22g for 475 years return period (475-yrp) and subsequently to a second PsD test carried out with peak ground acceleration 0.29g for 975-yrp input motion. It was apparent from the 475-yrp test that deformation demand concentrated in the 3rd storey. During the 975-yrp test the interstorey drift at the third storey increased substantially (ID=2.41%) and the test was stopped after 7.5 sec in order to allow for retrofitting. A strong-beam weak-column strength hierarchy in the beam-column connections of the ICONS frame was confirmed by the tests. The sudden reduction in the column’s sectional depth between the second (B2) and the third floor (B3) presented a potential source of localization. In particular, the stiffness at yield of the second storey was 212% greater than the stiffness of the third storey. For the same reason, the contribution of the stocky column to the total floor stiffness was 88% for the second floor and 79% for the third floor. This difference underlines the significant role of the stocky column to the overall response. The poor performance of lap splices at the bottom of the third storey column enforced localization between the second and the third-storey column. 
Consideration of Retrofit Options
The first step involves the selection of the retrofit strategy for the definition of alternative retrofit scenarios. Here, the objective of the retrofit strategy proposed, is to increase the lateral stiffness of the frame while simultaneously eliminating the stiffness discontinuity presented between the second and third floor: this was achieved by side jacketing of the stocky column in the third and the fourth storey (B3, B4). The jacket was 50 mm thick on each side of the strong axis of the element reinforced with 2Ø16 on each side of the column’s jacketed cross section. All other columns (with the exception of the stocky columns of the first and second storeys (i.e., B1, B2)) were also strengthened by RC jacketing. Alternative retrofit scenarios refer to the various combinations between jacket dimensions and longitudinal reinforcement. The width of columns A1-4, C1-4 and D1-4 was increased by 100 mm, i.e., 25% (A=1.25) for columns A1-4 and C1-4 and 33% (A=1.33) for columns D1-4. To study the parametric sensitivity of the jacketed members, the value of B was varied between 1.25 and 2.5 (RAJ=45~159%) (Table 1), while the jacket longitudinal reinforcement was kept equal to ρtot=1%. It was assumed that the geometry and the reinforcement layout of the vertical member remained the same along the height of the buildings (constant stiffness distribution along the height of the building). The axial loads applied were transformed to nodal loads and it was assumed their respective values remained constant for all the retrofit solutions (the same applies for the mass distribution), although the thickness of the jackets and hence the dead load of the columns was somewhat increased (Fig. 11). The concrete selected for the jackets had a nominal compressive strength of fc/=20 MPa, whereas nominal yield strength of longitudinal reinforcing steel was assumed as fy=500 MPa. 
In the next step of the methodology the parameterized displacement-based resistance-curves for the alternative retrofit scenarios were calculated as described in the preceding. The target response shape utilized to displace laterally the structure was parabolic, set at ΦT=[1.00, 0.90, 0.68, 0.37]Τ (Fig. 11). This shape is appropriate in case of uniform stiffness distribution along the height of the building. The distribution of the displacements applied in each storey followed the response shape, which remained constant throughout the procedure (Fig. 11). In this particular example, to maintain simplicity, it was assumed that diaphragms were rigid (c,i=IDi). The milestone points for the derivation of the resistance curves of all the vertical members were calculated from the expressions given in Appendix B. The retrofit scenario selected in order to describe in detail the procedure followed for the derivation of the Retrofit Design Spectra (RDS) dictated the mean area increase of the jacketed columns, RAJ, to be equal to 69%, whereas the total equivalent longitudinal reinforcement ratio of the jacketed members, ρtot, was taken equal to 1%. The demand level adopted for soil profile type SB had seismic coefficients CA=0.4g, CB=0.4g and a corner period Tc=0.40 sec. The resistance curves of columns A1, B1, C1, D1 of the first floor subjected to axial loads (Fig. 11) NA1=359 kN, NB1=631 kN, NC1=495 kN, ND1=222 kN, respectively, are presented in Figure 12(a). The resistance curves for all of the columns of the upper floors were derived accordingly. 
The response curves of each storey may be derived with the assumption that the individual vertical members of each floor are considered to function as a sequence of springs in parallel. Hence, the response curve of the first storey presented in Figure 12(b) was extracted by the direct summation of the response curves of columns A1, B1, C1, D1 presented in Figure 12(a). The same procedure was followed for obtaining the response curves of each storey. 
The next step involves the construction of the resistance curve of the retrofitted structure with the displacement-based approach and with reference to the target response shape selected. The response curves of the individual storeys of the example retrofit scenario are presented in Figure 13(a). Given a displacement magnitude Δ at the top of the structure (Fig. 11) the interstorey drift of each storey may be estimated using the target response shape (ID1=0.37·Δ/2.7, ID2=0.31·Δ/2.7, ID3=0.22·Δ/2.7, ID4=0.10·Δ/2.7, where 2.7 m is the height of the storey). The shear forces of the individual floors, Vi, associated with IDi may be calculated with reference to the response curves of each storey (Fig. 13(a)). Following the two approaches described in the preceding, the gray coloured curve depicted in Figure 13(b) corresponds to the base shear, Vb, versus the total drift of the structure, ID(=Δ/Htot=Δ/(4·2.7)). The response curve of the retrofitted structure is converted to a bilinear curve using the equal area approach. The black coloured curve in Figure 13(b) is the simplified bilinear response curve of the retrofitted structure for the retrofit scenario studied. 
The bilinear response curve of the MDOF system is transformed to a bilinear curve of the ESDOF system. Actually, two points of the response curve were in need to be transformed; these were the coordinates at yield and peak strength (Fig. 13(b)). With the storey masses from the bottom to the top equal to 36.8, 44.7, 44.7, 44.7 kN/(m/sec2), the force axis was divided by L*2/M*=154 kN/(m/sec2) whereas the displacement axis by L*/M*=1.24. Yield corresponds to (SdyR=26.1mm, SayR(g)=0.279) whereas peak to (SdyR=57.9mm, SayR(g)=0.313). The period at yield Ty=0.61 sec was compared to the corner period Tc=0.40 sec and therefore Eq. (3.9b) was adopted for the derivation of the performance point. Selecting κ=2/3 for a building with moderate behaviour [ATC 40, 1996], Eq. (3.9b) yields the ordinate of the performance point Sd,ppR  equal to 53.9 mm. The abscissa was equal to Sa,ppR(g)=0.309, whereas Tpp=0.84 sec, βeq=23% and μpp=2.09. Demand expressed in terms of maximum roof displacement corresponds to ID=(Sd,ppR·L*/M*)/Htot=53.9·1.24/(4·2700)=0.62%. The graphical representation of the solution provided by the Eq. (3.9b) is presented in Figure 13(c) in the ADRS format. 
The same procedure was followed for the derivation of all the performance points of all the alternative retrofit solutions. The results are presented in Table 2. If the envelopes of the extracted performance points are plotted in the ADRS format the resulting curves represent the Retrofit Design Spectra (RDS). In Figure 14 the Retrofit Design Spectra (RDS) of the alternative retrofit solutions studied are plotted for the two levels of seismic demand (CA=CV=0.3g, CA=CV=0.4g) for RAJ=45~159%, ρ​tot​=1%. Note that by increasing the area ratio of the columns through jacketing (RAJ value ranging from 45% to 159%) the displacement ductility of the performance point, μpp, is reduced by almost 50%; from among the possible solutions, which invariably produce a moderated ductility demand and fundamental period value, it is possible to optimize the selection using additional criteria referring to economic considerations.
Alternative presentations of the results are also shown in Figure 15 where the increase of the area ratio of columns through jacketing was kept constant and equal to RAJ=69%, whereas the jacket longitudinal reinforcement varied between ρtot=1~4%. The results of this group of alternative retrofit solutions are presented in Table 3. The increase of the jacket longitudinal reinforcement (ρtot value ranging from 1.0% to 4.0%) causes a mild reduction (almost 20%) of the displacement ductility of the performance point, μpp. 
The comparison of the Retrofit Design Spectra (RDS) of Figures 14 and 15 provides information relative to the influence that the jacket longitudinal reinforcement, ρtot, and the area ratio of the columns through jacketing, RAJ, have on the extracted performance points. It seems that the variation of the area of the jacket, RAJ, causes the fastest modification of response compared to the variation of the longitudinal reinforcement of the jacket, ρtot. Based on this observation, an efficient design would require the selection of a constant percentage of longitudinal reinforcement, ρtot, and the study of the effect of various heights of the jacketed members (expressed by the term RAJ) on response. However, the designer should have in mind that the change of the height of the jacket influences the yield point of the bilinear response curve of the retrofitted structure (Fig. 13(b)). In case that the retrofit scenario aims at a specific level of total drift at yield, IDy, [Thermou et al. 2006, 2007] then the alternative retrofit scenarios will be defined for that height of the jacketed members (expressed by the term RAJ) that will reassure the desirable IDy and by the variation of the longitudinal reinforcement of the jacket (ρtot). 
8.	Summary and Conclusions
A methodology for the derivation of a new type of design spectra for retrofitting of RC buildings was presented in this paper. The retrofit design spectra (RDS) simplify the retrofit design procedure by offering a direct relationship between demand and retrofit design parameters. The Capacity Spectrum Method is utilized for the definition of demand. The performance point is a function of the characteristics of the intervention method. It is calculated by employing parameterized expressions which relate the intervention characteristics to the imposed earthquake demand. Results are presented in ADRS format whereby supplementary design graphs are combined, to facilitate the design procedure. The efficiency of the new type of design and assessment spectra is investigated through a detailed application of the complete methodology to a building tested in full-scale.  
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11.	Notation
A(=bJ/b​c): factor to define the increase in width of the existing cross section
Ac(=bc∙hc): area of the existing cross section
ag: peak ground acceleration
B(=dJ/d​c): factor to define the increase in depth of the existing cross section
bc : width of the existing cross section
bJ: width the of the jacketed cross section
CA, CV : site-specific seismic coefficients [ATC 40, 1996]
cy, cu: height of the compression zone at yield and ultimate, respectively
Ec: elastic modulus of concrete
ED: energy dissipated by the structure during a full cycle of load reversals
Ef : elastic modulus of the FRP wrap
Es: elastic modulus of steel
ESo: elastic strain energy stored at maximum displacement
fc/: concrete compressive strength
Fu: member strength capacity at ultimate
Fy: member strength capacity at yield
fy,J : steel stress at yield of the longitudinal reinforcement of the jacket
fy,st: steel stress at yield of stirrups
fy: steel stress at yield of the longitudinal reinforcement
hc: height of the existing cross section
hJ: height of the jacketed cross section
hst: storey height
IDj: interstorey drift of the jth floor
kfconf: effectiveness coefficient for the FRP jacketing system
kstconf : effectiveness coefficient for stirrups
Ky(=SayR/SdyR): initial elastic stiffness
ℓc(=hc/hst): ratio of the height of the existing cross section to the storey height
Lpl:  plastic hinge length (taken equal to Lpl=hJ/2)
L*/M*(=ΣmiΦi/ΣmiΦi2): participation factor
L*2/M*: effective mass 
N: applied axial load
nFRP: the required FRP layers for the specific target ductility demand 
RAJ: mean value of the total equivalent longitudinal reinforcement ratio of the jacketed members in the first floor
rp(=SdyR(SapR-SayR)/SayR(SdpR-SdyR)): ratio of the post-yield stiffness up to peak to the initial elastic stiffness
ru(=-0.2SapR(SdpR-SdyR)/(SapR-SayR)(SduR-SdpR)): ratio of the post-peak stiffness up to ultimate to the post-yield stiffness.
S: soil factor
Sa,ppR: spectral ordinate of the performance point
SayR, SapR, SauR(=0.8SapR): spectral ordinates at yield, peak and ultimate, respectively
Sd,ppR: spectral abscissa of the performance point
SdyR, SdpR, SduR : spectral abscissae at yield, peak and ultimate, respectively
SRA, SRV : spectral reduction factors 
Tc: period value corresponding to the end of the constant acceleration range
Tpp: period that corresponds to the performance point
tf : FRP ply thickness
Vb: base shear magnitude
Greek symbols:
βeq: equivalent damping ratio
βo: hysteretic damping
γf : safety factor which is generally between 1.5 and 2 for FRP jackets
Δ: displacement magnitude at the top of the structure
δpl: member plastic displacement
δu: member displacement capacity at ultimate
δy: member yield displacement
εcu: compressive strain at ultimate (taken as 0.005)
εfeff: effective tensile strain that develops in the jacket near failure (taken as εfu/γf)
εfu: nominal strain capacity of the jacket material
εsy: tensile reinforcement yield strain
η: spectral correction factor [EC8, Part 1, 2004]
κ: reduction factor which depends on the structural type
μ: displacement ductility
μdem: displacement ductility demand
μpp : displacement ductility demand for attainment of the performance point
ξu(=cu/dJ): normalized depth of the compressive zone
ξy(=cy/dJ): normalized depth of compression zone at yielding
ρc(=Ac/bchc): longitudinal reinforcement ratio of the existing cross section 
ρJ(=AJ/bJhJ): longitudinal reinforcement ratio of the jacket 
ρe: equivalent longitudinal reinforcement ratio of the jacketed member
ρfv: volumetric ratio of FRP reinforcement
ρsv : volumetric ratio of stirrup reinforcement
ρtot: total equivalent longitudinal reinforcement ratio of the jacketed members (with reference to Fig. 7(a), ρtot=2ρe)





Appendix A: Selected examples for alternative definitions of hysteretic damping 
From the numerous hysteretic models found in literature, a selection has been made and presented herein. Hysteretic damping, βo, may be defined using various alternative hysteretic models to represent the behaviour of the retrofitted structure. In the following, r(=Sdy(Sau-Say)/Say(Sdu-Sdy)) is the ratio of the post-yield stiffness to the initial elastic stiffness, μ(=Sdu/Sdy) is the ductility factor and α is the unloading stiffness degradation parameter (0<α<1), Ky is the initial elastic stiffness and Kr is the unloading stiffness. For reinforced concrete structures a value of α=0.4 is usually assumed. 
(a) Stiffness degrading bilinear model (Fig. A1(a))  [Nielsen and Imbeault, 1971, Otani, 2002]. 
,                                                          (A.1)

(b) The Takeda model [1970, 2002] (Fig. A1(b)):   

,                                  (A.2)

(c)  Simplified version of the Takeda Model [Priestley and Kowalsky, 2000]: 

                                                                                               (A.3)

(d) Hysteretic hardening-softening (HHS) model (Fig. A1(c)) by Ozcebe and Saatcioglou [1989], also used by Borzi and Elnashai, [2000], and by Borzi et al. [2001] to derive reduction factors and inelastic spectra. The elasto-plastic model (EPP) and the HHS model are obtained with K3=0 and K3=10%Ky (Fig. A1(c)). Here, eq is defined: 

                                                (A.4)

where η(=√(7/(2+βeq))≥0.75) is the damping correction factor as defined in the current version of Eurocode 8 [2004]. Coefficient 1.53 accounts that the elastic spectra are associated with 1% of critical damping [Borzi et al., 2001]. The hysteretic damping, βo, in the case of an elasto-plastic perfectly plastic system is: 

                                                                                                (A.5)

In the work of Borzi et al. [2001], values of parameter α (Eq. (A5)) were re-evaluated for a more realistic definition of βo. Equation (A5), which relates hysteretic damping with ductility was also assumed for the HHS model, hence differences in hysteretic behaviour were represented by variations in α. 	
Appendix B: Simplified expressions for RC jacketing
The deformation and strength capacity at yield of a jacketed member may be estimated using interpolation from the following set of equations: 
If                                  (B.1a)
If                              (B.1b)

The values Ny,min, Ny,bal, δy,min, δy,bal, Fy,min, Fy,bal correspond to characteristic values of the depth of the compression zone for εsy, as follows: 
For: ,,
                                                                              (B.2a)

For :   ,,
                                                                                (B.2b)


The deformation and strength capacity at ultimate of a jacketed member may be estimated using interpolation from the following set of equations: 
If ,     ,




                                                                     (B.3b)


The values of Nu,min, Nu,bal, Nu,max, δu,min, δu,bal, δu,max, Fu,min, Fu,bal and Fu,max correspond to characteristic values of the depth of the compression zone for εcu=0.005 as follows:
For : ,
                                                                                 (B.4a)

For : ,    
                                                                                (B.4b)

For : ,,   



















TABLE 1. Definition of parameter RAJ for alternative retrofit scenarios.
TABLE 2. Results for the alternative retrofit solutions (RAJ=45~160%, ρtot=1%).
TABLE 3. Results for the alternative retrofit solutions (RAJ=69%, ρtot=1~4%).

Figures:
FIGURE 1 Effect of (a) global interventions; (b) local interventions for deformation capacity increase.
FIGURE 2 (a) Lateral Displacement Resistance Curve of the retrofitted building; (b) Resistance or Capacity Curve of the retrofitted structure.
FIGURE 3 (a) Acceleration-Displacement Response-Spectrum (ADRS) for definition of demand; (b) Equilibrium between demand and supply – Definition of performance point (Sd,ppR, Sa,ppR).
FIGURE 4 Elastoplastic model with hardening.  
FIGURE 5 Procedure for the derivation of design and assessment spectra for retrofitting RC structures.
FIGURE 6 Construction of the Displacement-Based Resistance Curve of the retrofitted structure.
FIGURE 7 Simplified model (a) of the jacketed cross section; (b) for curvature distribution.
FIGURE 8 Definition of performance point for each retrofit scenario (a) RC jacketing; (b) Composite jacketing.
FIGURE 9 Retrofit design and assessment spectra.
FIGURE 10 Configuration and cross section details of ICONS frame.
FIGURE 11 Displacement – based approach for the derivation of the resistance curve of the retrofitted building for the preliminary stage of design.
FIGURE 12 (a) Resistance curves of the individual vertical members of the first storey; (b) Resistance curve of the first storey.
FIGURE 13 (a) Resistance curves of the individual storeys; (b) Resistance curve of the retrofitted frame; (c) Graphical representation of the performance point.
FIGURE 14 Retrofit Design Spectra (RDS) for two levels of seismicity for RAJ=45~160%, ρtot​=1%.
FIGURE 15 Retrofit Design Spectra (RDS) for two levels of seismicity for RAJ=69%, ρtot=1~4%.























TABLE 2. Results for the alternative retrofit solutions (RAJ=45~160%, ρtot=1%).




















TABLE 3. Results for the alternative retrofit solutions (RAJ=69%, ρtot=1~4%).






































































































































































































































































































































































































































































5. Direct estimation of performance point (Sd,ppR, Sa,ppR)
Mathematical expressions which relate steps 2, 3 and 4 provide direct estimation of the performance point. 

4. Demand - Capacity Spectrum Method 














Objective of Steps 2 & 3: 
	Hysteretic damping, βo, is related to ductility demand, μpp, through the hysteretic model adopted: βo=f(μpp)
	Ductility demand, μpp, is related to the displacement at yield and the  abscissa of the performance point of the parameterized resistance curve: μpp=Sd,ppR/SdyR
	Spectral displacements at yield and at the performance point are related to the intervention key design parameters, e.g. RAJ and ρtot for RC jacketing.


3. Hysteretic model 
A hysteretic model representative of the behaviour of the retrofitted structure is employed.

2.  Parameterized displacement-based resistance curve




For each retrofit scenario:

6. Construction of the new type of assessment and design spectra (RDS)
The spectral ordinates of the performance point of each retrofit scenario are related to the characteristics of the intervention method. The proposed spectra are given in ADRS format.













































(b) The individual floors are considered to function as a sequence of springs in series.
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